Pressure ulcers are a major problem in spinal cord injury patients and nursing home patients. The etiology is most probably pressure-induced ischemia. The first histopathologic changes are likely to occur either in muscle or subepidermally. Prevention of the problem is the best management, and the hallmark of prevention is identifying patients at risk and turning them frequently. When pressure sores occur, they heal with conservative measurements 80% of the time. With large, ulcerated, or infected lesions, surgical management is indicated. With sepsis, surgery should be performed immediately. Surgeons have made great progress filling huge defects with innovative grafts. Nevertheless, recurrence is a continuous problem. The use of an air-fluidized bed is beneficial in relieving pressure on the operated area during the postoperative period and in the measurement of pressure sores in general. Key Words: Pressure ulcers&mdash;Spinal cord injury-Pressure-Shearing forces-Friction-Moisture.
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Areas of damage to the skin and tissues due to combined pressure, referred to as pressure sores, pressure ulcers, decubitus ulcers, and bed sores, continue to be a significant problem in the care of paralyzed and geriatric patients. The term &dquo;decubitus,&dquo; derived from the Latin decumbere (to lie down), is restrictive and inaccurate in that it implies that the ulcer is produced only when the patient is lying down. Although ulcers will develop over regions with bony prominences (e.g., trochanter, sacrum, heel, back, and occiput), the term decubitus excludes ulcers that can result from a combination of shear and pressure as may be seen over the ischial tuberosity of spinal cord injury (SCI) patients when seated. The term pressure ulcer is a more accurate phrase, since it describes directly the primary pathophysiologic mechanism underlying such wounds-the application of unre-lieved pressure depriving the tissue of blood. A review of this topic is most timely in view of the everincreasing age of the population and the use of lifesupport technology to prolong the life of severely ill patients that constantly expose the practicing physician to the management of pressure sores (1) (2) (3) (4) (5) .
Epidemiology
Pressure ulcers are a relatively common occurrence in SCI patients or patients in general who are immobilized. In ~ SCI patients, pressure ulcers over the ischial tuberosity have been shown to occur in 5-8% of patients per year (6) ; 25 -85% of such patients have an ulcer at some time (7) , and death due to complications arising from pressure ulcers occurs in 7-8% of these patients (8) . These lesions are also a problem in a general hospital population. A recent survey by Allman (9) et al. showed almost 5% of patients (excluding obstetrical, ophthalmic, and psychiatric patients) had pressure ulcers, whereas an additional 12.3% were found to be at risk of developing ulcers. In general, up to 5% of patients in a general hospital population develop pressure ulcers (10, 11) .
Risk Factors and Localization of Pressure Ulcers
Four factors have been identified as being critical for the formation of pressure ulcers. The most important is pressure (the force exerted per unit area), followed by shearing forces (forces caused by the sliding of adjacent surfaces), friction (the force arising when two surfaces that are in contact move across each other), and moisture (such as due to urinary incontinence) (3) . Other factors associated with pressure ulcers include fecal incontinence, hypoalbuminemia, and fracture, which may predict the development of pressure ulcers in patients who are &dquo;at risk&dquo; (2) .
A pressure ulcer may develop anywhere that risk factors may be applied. Particularly at risk, however, are areas over bony prominences, e.g., the occipital prominence, scapular and dorsal spine, sacrum, greater trochanter, anterosuperior spine, knees, mal-Ieolir heel, and plantar surfaces. In a review by Dansereau and Conway (12) of 1,604 pressure sores in 649 patients in a Veterans Administration Hospital, the ischial tuberosity had the highest occurrence rate of pressure ulcers (28%) followed by the trochanter (19%), sacrum (17%), heel (9%), malleolus and pretibial (5% each), and the patella (4%); other miscellaneous sites accounted for 13%.
Pathophysiology
It is generally acknowledged that pressure is the primary causative factor in the formation of pressure ulcers. The prolonged application of pressure will lead to ischemia, which precipitates mechanical damage, which finally yields tissue necrosis. It is clear that the cutaneous circulation plays an important role in maintaining the integrity of the skin, and its interruption is intimately involved in the formation of pressure ulcers. It is appropriate to review briefly the anatomy and physiology of the cutaneous microcirculation to provide an understanding of the pathophysiology of pressure ulcer formation.
The cutaneous microcirculation is composed of microvascular beds that contain vessels less than 100 pm in diameter. Terminal arteries (>50 pm in diameter) have vessel walls composed of an inner layer of epithelium, an internal elastic lamina, and a surrounding sheath of at least two continuous layers of vascular smooth muscle cells. Arising from the terminal artery are arterioles (20-50 Nm in diameter), which have a single, continuous layer of vascular smooth muscle. The arterioles give rise to metarterioles (10-15 Jim in diameter), which have a single, discontinuous layer of vascular smooth muscle cells.
There is often a band of vascular smooth muscle at the origin of the metarterioles referred to as the precapillary sphincter. The metarterioles give rise to arterial capillaries (5 um in diameter), and they consist of a single layer of endothelial cells and a basement membrane surrounded by a fine reinforcing network of reticular collagen fibers. The arterial capillaries anastomose with the venous capillaries (8 ltm in diameter), which drain into the venules.
Capillary walls function as a selectively permeable membrane. The single layer of endothelial cells that make up the wall of the capillary range from 0.1 to 3 pm in thickness, and, where two endothelial cells meet, there is an intercellular space or cleft approximately 100 A wide. Most clefts have a constricted area of about 40 A wide. In general, the metarterioles and precapillary sphincters are influenced by tissue waste products, oxygen deprivation, and other factors and usually show a rhythmic vasomotion of alternating vasodilation and vasoconstriction.
Peripheral arteriole vasoconstriction or vasodilation controls the diameter of the arterioles and therefore influences the amount of blood that enters the capillaries. Vasoconstriction and dilation are regulated by both sympathetic and parasympathetic fibers as well as catecholamines, such as epinephrine and norepinephrine. In many tissues, the presence of arteriovenous shunts that are either open or closed may cause a complete bypass of the capillary bed. Increases in cardiac output, which elevate arterial blood pressure, will increase capillary blood flow, whereas elevation of arterial blood pressure due to arteriolar constriction decreases capillary blood flow. The presence of the precapillary sphincters also influences the amount of blood reaching the capillaries, and it is possible that capillaries may open and close due to intensive contractability of capillary endothelial cells. This capillary constriction and dilation is independent of the action of the arterioles; the essential components appear to be anoxia and histamine production. Blood viscosity is also an important factor in capillary blood flow; it is influenced by plasma protein concentration and hematocrit and other factors such as capillary size. Capillary size (4-10 um) is frequently smaller than the diameter of a red blood cell (7 pm). The red blood cells, therefore, need to deform themselves to pass through a capillary. Blood viscosity decreases as capillary size diminishes, promoting capillary blood flow. At a critical diameter, however, capillary blood flow dramatically decreases as blood viscosity sharply increases, perhaps due to the sticking together of red blood cells in the capillaries. The deformation of red blood cells can be adversely affected by bacterial endotoxins, swelling of the cells by fluid absorption, and low pH.
Severe increases in tissue pressure, such as may be seen in immobilized patients, can virtually shut off capillary flow. Total tissue pressure is typically zero.
External pressure increases interstitial fluid pressure, which, at approximately 12 mm Hg, causes a substantial increase in total tissue pressure. This increases capillary arteriolar pressure leading to filtration of fluid from the capillaries, edema formation, and autolysis. The amount of pressure applied is inversely related to the length of time of application in the production of pressure sores.
Plasma volume and volume of the interstitial space are controlled by factors at the capillary level: plasma oncotic pressure, hydrostatic pressure, oncotic pressure of the interstitial fluid, and hydrostatic pressure of the interstitial space. Plasma oncotic pressure develops due to the restricted passage of large molecules such as proteins. Albumin makes up 51% of the plasma proteins. Due to the high concentration of albumin with its relatively low molecular weight, it is primarily responsible for determining oncotic pressure. Other proteins include globulin (17%), fibrinogen (4%), and other miscellaneous proteins (28%). Plasma oncotic pressure is about 25 mm Hg, and capillary hydrostatic pressure ranges from 32 mm Hg at the arterial capillaries to about 15 mm Hg at the venous capillaries. The hydrostatic pressure midcapillary is about 25 mm Hg. Interstitial fluid oncotic pressure is unknown but is assumed to be very small; tissue hydrostatic pressure is approximately 1.8 mm Hg. Most work on the pathophysiology of pressure ulcers centers around three factors: ischemia, pressure, and shear. Dinsdale (8) has shown pathologic changes associated with friction. Although moisture has been associated with pressure ulcer development, few studies have addressed this factor. The application of a constant pressure of 70 mm Hg for more than 2 h has been shown to produce irreversible tissue damage (8) . If pressure is relieved intermittently, however, minimal tissue damage is seen, even at pressures up to 240 mm Hg. Brooks and Duncan (13) demonstrated that the duration of pressure application and the magnitude of the pressure were critical: the greater the magnitude of pressure, the less time of application required to produce necross. Kosiak (14) has confirmed Dinsdale's work (8) by showing a pressure of 70 mm Hg applied constantly for 2 h to cause irreversible changes. Kosiak also found, however, that if this pressure was relieved every 5 min, few changes were noted (15) . These studies suggest that 1-2 h of pressure application is critical, since, after this time of constant pressure application, irreversible tissue changes are noted to occur.
The work of Lindan (16) strongly suggests that the etiology of pressure ulcers is pressure-occluding blood flow causing necrosis. Nola and Vistnes (17) have shown that muscle fibers are more sensitive to the ischemic effects of prolonged pressure than skin by itself. Daniel et al. (18) has confirmed this and also shown that the initial pathologic changes in response to pressure first occur in the muscle layer overlying the bony prominence and spread outward.
Shear forces (19, 20) come into play, for example, when the head of the bed is raised causing the torso to slide down and transmit pressure to the sacrum and deep fascia (3) . In this scenario, the posterior sacral skin is fixed secondary to friction with the bed and shear forces in the deep part of the superficial fascia lead to stretching and angulation of vessels, causing thrombosis and undermining of the dermis (19) .
The vessels particularly affected are the posterior branches of the superior gluteal artery. Subcutaneous fat, which lacks tensile strength, is also particularly vulnerable to mechanical forces accentuating shear phenomena (3) . Work by Bennett et al. (21) (22) (23) has shown that, in normal subjects, shear is roughly half as effective as pressure in driving the skin over the thenar eminence toward occlusion. When seated on a hard, slick seat, paraplegic, geriatric, and ill subjects develop three times the median shear load experienced by normal subjects in skin lateral to the ischial tuberosities, and normals reflect roughly three times the median pulsatile blood volume flow rate developed by paraplegic, geriatric, and ill subjects.
Friction plays a role in the formation of pressure ulcers as it removes the outer protective layer of the stratum corneum (3). Dinsdale has studied the role of friction in the etiology of pressure ulcers (8) and found that a direct application of a pressure of 160 mm Hg did not cause pressure ulcers, but that this same pressure dragged across the skin, creating a friction force producing an ulcer. It should be noted, however, that, although friction can cause surface lesions, pressure ulcers develop subepidermally (18, 24) .
Other etiologic factors in the formation of pressure ulcers include aging skin, nutrition, and moisture. Poor nutrition has been correlated to pressure ulcers by Pinchofsky-Devin (25) , and Allman et al. (1) has shown the importance of hypoalbuminemia. Other investigators have shown that vitamin C has a preventive and healing effect (26, 27) . Aging skin has altered barrier properties, diminished pain perception, reduced immunity, and slow wound healing ability, all of which may contribute to breakdown of the skin (28) . The role of moisture has been demonstrated by Allman and Desforges (2) and Witkowski and Parish (24) .
Recently, Lee et al. (29) have assessed anthropometric, biochemical, immunologic, and indirect calorimetric techniques in an attempt to define the nutritional and metabolic status of 17 healthy SCT patients. Significant deficiencies in energy expenditure were found: 29% of patients were normometabolic and 35% each were hyper-and hypometabolic. Obesity was found to be maximum in hypometabolic patients due to the imbalance between caloric intake and energy expenditure. No patient had normal values on all objective measurements of nutritional assessment. Forty-seven percent of patients had mild and 53% had evidence of moderate malnutrition. The authors concluded that nutritional therapy based on measurements of energy expenditure instead of predictive equations will be of benefit for SCI patients. Witkowski and Parish (24) have also studied the histopathology of pressure ulcers. They divided the dermatologic changes seen in pressure ulcers into the following sequence: blanchable erythema, nonblanchable erythema, decubitus dermatitis, early ulcer, healing ulcer, chronic ulcer, and black eschar. The initial sign of damage occurs in the upper epidermis and, in particular, at the capillary and venules. Edema of the papillary dermis follows. Epidermal changes, however, appear to occur late in the development process and are apparently the result of ischemia and anoxia.
Clinical Presentation
The system of grading pressure ulcers devised by Shea (30) is well accepted. The system classifies pressure ulcers into five grades.
Grade L The pressure ulcer is noted to be an acute inflammatory response involving the epidermis. Soft tissue erythema of an irregular and ill-defined area is accompanied by induration, and heat persists for more than 24 h; the epidermis remains intact and the ulcer is reversible. ' Grade II. The pressure ulcer involves a break in or a blistering of the epidermis surrounded by erythema and induration and is potentially reversible.
-Grade III. The pressure ulcer is an inflammatory fibroblastic response that extends through the dermis to the junction with subcutaneous fat. It is seen as an irregular, shallaw ulcer that has subcutaneous fat at its base and is surrounded by erythema, induration, and heat. ' Grade IV. The pressure ulcer extends through the full thickness of the skin into the deep fascia and/or muscle. The draining, necrotic base is often foul smelling, and undermining of the surface tissues may be excessive.
Grade V. The pressure penetrates to the underlying bone causing osteomyelitis, has no anatomic limit, and is surrounded by erythema and induration. The sore is seen as an extensive ulcer with exposed bone, joint, muscle, and/or fascia at its base.
Management
The ideal management of pressure ulcers is obviously their prevention. The initial step in the prevention of pressure ulcers is the identification of the patient at high risk. A number of risk factor assessment scales are currently in use. The Norton scale (31) grades patients on four areas, including physical condition, mental state, activity, and mobility and incontinence. The Braden scale (32) grades patients on six levels, including sensory perception, moisture, activity and mobility, nutrition, and friction and shear.
Turning the patient every 2 h may make pressure ulcers totally preventable, but this regimen is often impossible to maintain in an active hospital (33) . Gel pads, sheepskin, plastic casts, and specialty beds are other alternatives. Specialty beds such as mechanical oscillating beds and mattresses and air-filled floating bead and water mattresses may be of particular benefit to the patient in providing relief of pressure.
Eighty percent of pressure ulcers can be healed with conservative methods (34); Grade III, IV, and V ulcers, however, may require surgery. Conservative measures for treating pressure ulcers include good nutrition, relief of pressure, and monitoring protein intake. Systemic antibiotics are indicated for bacterial endocarditis prophylaxis and sepsis. In 1975, Morgan (35) reviewed all topical therapies and concluded that no specific agent is useful without control of infection, debridement and absence of pres- (36) . Laato (37) and Mulder and La Pan (38) reported enhanced wound healing with epidermal growth factor. ' A practical regimen is reported by Ameis (39) .
Pressure ulcers were evaluated on each new admittance followed by daily rounds, and the nursing staff was educated in the management of pressure ulcers.
External forces were decreased with sheepskin boots, foam cushions, and gel cushions. Topical treatment consisted of brown soap, benzoyl peroxide, fibri-nolysin with desoxyribonuclease, ultraviolet light, and ventilation. Grade IV and V ulcers were treated in this way as well. The per-week incidence of pressure ulcers decreased from 12% surgical and 29% medical to 0%. Prevalence decreased from 69% and 51% to 0%. There was a slight increase in prevalence, however, at the 3-month follow-up. Another study with similar results has been reported by Moody et al. (40) . Surgical closure may be necessary for deep or infected ulcers and may be lifesaving (41) . In a patient with a Grade III ulcer presenting with sepsis, the customary procedure is to prepare the patient for surgery urgently (usually 1-3 days). This consists of antibiotics to cover aerobes such as Proteus, Escherichia coli, Pseudomonas, Klebsiella, Enterobacter, Prouidencia, Sfaplzylococcus aureus, Streptococcus, and Candida, and anaerobes such as Bacteriodes, Peptococcus, and Clostridia.
Blood transfusions may be indicated.
In a patient without sepsis or infection, antibiotics need not be necessary and a more leisurely approach of 2-3 weeks of dressing changes with surgical debridement, as needed, to insure the wound is clean can be taken. Consults with anesthesia and urology are useful, as is a workup for osteomyelitis. The bowels should be evacuated 2-3 days before surgery to preclude the possibility of intraoperative soilage of a sterile surgical field (4).
Whether or not the surgery is emminent, the control of muscle spasms is paramount. As Griffith noted in 1960, &dquo;If a flap which has been used for the closure of an ulcer is torn loose by spasms in the immediate postoperative period, the wound which results is almost always larger than the original ulcer. A surgeon needs to see this happen but once to be convinced of the futility of attempting plastic surgery in the presence of severe spasticity&dquo; (42) . Medical management of spasms consists of diazepam or dantrolene for more severe cases. Intrathecal phenol may be used in selected patients without sensory or motor function, and if paraplegic, ~ the injury should have occurred greater than 18 months prior to the surgery. Impotence is a risk. Rhizotomy is a surgical option. Obdurator neurectomy can be performed with an incision similar to inguinal herniorrhaphyand is effective in controlling adductor spasms. Extensor spasms may be prevented by crushing the femoral nerve with a hemostat at the level of the femoral crease.
Ulcers are treated similarly to abscesses. The neerotic area, skin fascia, muscle, and bone are widely excised. Closure prevents reinfection. Suture lines should avoid bony prominences, although scars over weight-bearing areas do well. In the past, removal of bony prominences, e.g., ischiectomy, were common as prophylaxis against recurrence; however, such procedures are not widely used now because of complications.
Skin grafts and flaps, muscle flaps and musculocutaneous flaps, neurovascular skin flaps, and free flaps are all used for closure of defects (43) . Recent innovations in nerve transpositions are an exciting advance supplying sensation to pressure-bearing areas in paraplegics (44) .
During surgery, viability of tissue may be evaluated. Skin blanching is a satisfactory method, although injection of an ampule of fluorescein followed in 10 min with examination under a Wood's light is a superior method. Ostrander et al. (45) evaluated prediction of surgical flap survival using constant infusion fluorometry. They compared washin slopes and washout clearance, both measures of tissue perfusion, and compared sensitivity and specificity of the measurements in their ability to predict flap survival in a dog model. The sensitivity of the two measurements was I00% and 95%, respectively. Specificity measurements were 97% and 86%, respectively. The authors concluded that both measurements have a high predictive potential for assessing tissue survival with the washin method being preferable in providing results more rapidly and safely.
In paraplegics, control of minor bleeding with hemostats is counterproductive, since the vessels will not vasoconstrict. Suction catheters are placed in the wound under skin flaps with continuous wall suction for at least 5-7 days. These will reduce the risk of hematoma and increase the likelihood of tissue adherence (4, 34, 46) . ' .. Pressure ulcers on the occiput can be managed with simple split thickness skin grafts if the ulcer is superficial. Ulcers extending through the periostium may be managed by decorticating bone, waiting for granulation tissue to develop,. and then applying a split thickness graft. A second method is to decorticate the bone, create a skin flap including the galea, and transpose or rotate the flap onto the ulcer. The defect is filled with a split-thickness, meshed skin graft (4) .
Sacral ulcers are very common; thus, there are numerous ways of managing these defects: In any case, the ulcer is excised with a rim of normal tissue and all bur~a or areas of necrosis are removed. The iliac spines may be removed, although total.removal of the bone is not recommended because excess bleeding may result. If excess bleeding is encountered, it is controlled by compression of the marrow.
The defect should be converted to a triangle, which is the usual fashion for flaps. This triangle enables a flap to fit neatly into the excised area. Rotation and transition flaps may be used to fill the defect, or the gluteus maximus may be used as a turnover flap. If the gluteus maximus is used, a vertical incision is made around the level of the posterior inferior iliac spine and then carried inferiorly. The muscle is split in half and then turned over to fill the sacral defect. A meshed split thickness graft can then be used to cover the muscle, or the inferior half of the muscle may also be used to fill an ischial defect (47) .
Ischial ulcers may have considerable undermining. Traditionally, this ulcer was treated with total ischiectomy as well (48) . However, due to the frequent complications of urethral strictures, partial ischiectomy became popular. Partial ischiectomy, however, created the problem of transferring all weightbearing to the opposite ischium (49) . In any case, the defect is triangulated and closed with a medially based skin flap from the thigh, by primary closure if the skin folds are loose enough, or transposition of muscle from the hamstrings (4) . The greater trochantor is typically removed with its overlying ulcer. The defect may be filled with anterior skin flaps. The circulation of the superior circumflex artery may be used to create a flap to cover the femur. The vastus lateralis may be used as a turnover flap. Nahai et al. reported the use of the tensor fascia lata as an extremely versatile flap. He describes how the flap can be used as an island transposition flap or as a free flap (50) .
Multiple ulcerations, as seen with ischial and trochanter ulcerations, represent a tremendous challenge to the plastic surgeon. Typically, the underlying bone may require sacrifice. This will provide slack skin, which can prevent the necessity of a total thigh flap. Klein reports on a series of 10 patients in whom proximal femoral resection with external fixation was performed (4, 51) . Of particular benefit in the management of ulceration of the foot is the total contact cast. Results reported by Helm (44) . Her patient, a 21year-old SCI patient, presented with recurring ischial, sacral, and trochanteric ulcers. To provide innervation to the right thigh, an attempt was made to transfer the medial antebrachial cutaneous nerve to the lateral femoral cutaneous nerve. Ten-centimeter sural nerve grafts were interposed between the arm and leg nerves. The left was similarly completed 2 months later. Within 20 months there was evidence of bilateral innervation of the thighs referred along the distribution of the medial antebrachial cutaneous nerve.
Postoperative Management
For the first few days after surgery, the patient should receive parenteral antibiotics and have fluids and blood chemistry carefully monitored. The usual precautions against pneumonia and pulmonary embolism are in order, and urinary drainage should be provided. A low-residue/low-fiber diet may decrease defecation in the early postoperative period. This can be replaced with a high-protein/high-calorie diet with vitamin C and multivitamin supplementation around the fifth day. Sutures are left in place for at least 3 weeks. Bed rest is required for 6 weeks followed by gradual weight-bearing with close observation by a physical therapist (4) .
Recurrence is a frequent problem with all surgical treatment. In one study, 48% of surgically treated ulcers recurred (56) . Musculocutaneous grafts fared better in the immediate postoperative period, but, in long-term follow-up on SCI patients, their recurrence was the same. In this study, the flaps did not have intact sensitivity. Thus, when performing a first operation on an ulcer the surgeon should bear in mind the possibility of the need for a future revision (56) . ' The use of an air-fluidized bed is beneficial in relieving pressure on the operated area during the postoperative period and in the management of pressure sores in general. The air-fluidized bed has been found to be more effective than conventional therapies (57) , and experience with its use in the postoperative period is encouraging (58) . The air-fluidized bed maintains the surface pressure on the skin below the capillary closure pressure of 32 mm Hg, thus negating the need to change the patient's position. It additionally creates a bacteriocidal fluid medium that can be temperature-controlled. A recent study by Maklehust et al. (58) found the air-fluidized bed to be significantly superior to hospital mattresses in relieving pressure; this appears to be an excellent tool for the care and management of pressure ulcers.
